Background Heterotopic ossification (HO) occurs most commonly after trauma and surgery about the hip and may compromise subsequent function. Currently available animal models describing the cellular progression of HO are based on exogenous osteogenic induction agents and may not reflect the processes following trauma.
Introduction
Heterotopic ossification (HO) is the abnormal formation of mature lamellar bone in nonosseous soft tissues [44] . It can be differentiated histologically from dystrophic calcification, such as the pathologic calcification associated with renal failure and hyperparathyroidism, by the presence of trabecular morphologic features characteristic of bone [5] . The causes of HO are numerous and include traumatic [34] , neurogenic [9] , and genetic origins [17] . Most commonly, HO occurs as a sequel to trauma, especially around the hip, and in association with open reduction and internal fixation of acetabular fractures or after THA [1, 5, 11, 36] . It can cause pain, restrict functional ROM, and ultimately compromise the clinical success of these procedures.
Although often asymptomatic, between 2% and 8% of patients with HO experience compromise in hip function, manifested as pain with decreased ROM or ankylosis of the joint [1, 24, 36] . In contrast, the radiographic prevalence of HO after THA is reportedly as much as 90%, depending on the patient population [3, 11, 36] . Known risk factors for the development of HO include male gender [11] , previous HO [8, 11, 24] , hypertrophic or posttraumatic arthritis [38] , diffuse idiopathic skeletal hyperostosis [7] , ankylosing spondylitis [6] , and traumatic brain injury [9] .
Despite the importance of HO as a clinical entity, its pathophysiologic features are poorly understood. Several studies [20, 22, 25, 42] have characterized the histologic progression of HO, but in each a BMP or bone matrix was added as an induction agent, and the pathway of bone formation varied with the specific exogenous agent. BMP-2 and BMP-4 have been suggested to exclusively induce endochondral ossification [22, 25] , whereas other investigators have reported simultaneous endochondral and intramembranous bone formation induced by BMP-2 [20, 42] . Similarly, the study of rare human genetic diseases [12, 17, 18, 40] , such as fibrodysplasia ossificans progressiva and progressive osseous heteroplasia, has provided insight into this condition. Yet, extrapolation of the findings from these studies may have only limited applicability to HO as seen after THA. For example, fibrodysplasia ossificans progressiva exhibits characteristics of endochondral ossification whereas progressive osseous heteroplasia is largely characterized by intramembranous ossification [12, [17] [18] [19] . Consequently, elucidation of the predominant pathway of HO as observed after surgical trauma in humans is critically dependent on identification of an appropriate animal model in which to study the process.
We previously described an animal model that mimics the human condition of ectopic bone formation after THA by crushing the gluteal muscles and without the use of an exogenous induction agent; the procedure reliably produced HO [39] . However, the progressive cellular process leading to mature HO has been described only in models using exogenous induction agents (eg, BMP or bone matrix). Clinically, HO can occur as free islands of bone in the muscles about the hip or as an outgrowth contiguous with the proximal femur or acetabulum [8] . It is unclear, however, whether the process of HO differs according to its location and whether the process of heterotopic bone formation after surgery about the hip follows a pathway of endochondral or intramembranous ossification, or some variant of the two.
We specifically asked whether a cartilage intermediary would be present before the appearance of heterotopic bone. Secondarily, we asked whether there were any differences in the pattern of histologic progression of ectopic bone formation when contiguous with osseous structures (eg, bony outgrowth from the femoral cortex or periosteum), as compared with ectopic bone that appeared free in the soft tissues (eg, in muscle or synovial tissue surrounding the hip).
Materials and Methods
Thirty 3-kg male New Zealand White rabbits underwent bilateral induction procedures that included femoral reaming with controlled periosteal disruption and intentional gluteal myonecrosis, performed per protocol [39] . No exogenous osteogenic agents were added to the wound. Nine predetermined times were studied. Three animals were randomly assigned to each of nine times for sacrifice at 1, 3, 5, 7, or 10 days or 2, 3, 6, or 26 weeks after surgery. To accommodate anticipated additional studies at times that were thought to be critical for histologic study, one additional animal was assigned to each of the three times at 10 days, 3 weeks, and 6 weeks. Because differentiation of pluripotent mesenchymal stem cells along osteogenic cell lines occurs soon after injury, the times were preferentially distributed early in the postoperative period. All hips were harvested en bloc immediately postmortem for histologic analysis. The current investigation was conducted under a protocol approved by the Institutional Animal Care and Use Committee as a prospective observational study of the histologic characterization and progression of HO in the New Zealand White rabbit after surgery around the hip [39] .
After the induction of general anesthesia, the rabbits were placed in the prone position and each hindquarter was shaved, prepared, and draped in a sterile fashion. The surgical approach was performed sequentially on each side in identical fashion. A 2.5-cm skin incision was made over the greater trochanter and dissection was carried down sharply to bone through the gluteus maximus in line with its fibers. A pneumatic drill with a 2.5-mm bit was used to enter the femoral medullary canal in the region of the greater trochanter (replicating the human condition of THA), which then was reamed manually with incrementally larger wire brushes to a 4.0-mm diameter. The scrapings produced by the reaming process were left in situ in the surgical wound; no effort was made to clear the debris by irrigation. Although some blood and debris may have been lost as part of the procedure, no efforts were made to drain, irrigate, perform débridement, or remove blood or debris from the wound. Rather, a specific attempt was made to maintain as much debris as naturally possible in the wound by using a watertight running fascial closure. Before closure, ischemic injury to the gluteus medius and minimus muscles was intentionally induced by application of a Kelly clamp for 3 minutes; tissue hypoxia, created by clamping the gluteal musculature, enhances heterotopic bone formation [27] . Muscle ischemia is an inherent consequence of surgery around the hip, particularly with the use of extensile approaches or with revision procedures, both of which are risk factors for HO [1, 5, 11, 36] . The wound then was closed in layers, and a postoperative radiograph was obtained to confirm the absence of iatrogenic femoral fracture. Reproducibility of the procedure was obtained by the consistent supervision of the senior author (VDP) throughout the experimental protocol.
Postoperatively, analgesia was administered subcutaneously using 0.03 mg/kg buprenorphine, twice a day for 3 days. No antiinflammatory medications were administered. Rabbits were permitted to eat, ambulate, and bear weight ad libitum. AP view radiographs of the pelvis to include both hips were obtained routinely at monthly intervals until the time of animal sacrifice. Film quality, which predated digital imaging, was not sufficient to afford quantitative analysis; accordingly, radiographs were used only as a qualitative tool to follow patterns and progression of ectopic bone formation with time.
Thirty rabbits were sacrificed at the nine specified times using 35 mg/kg subcutaneously administered ketamine and 5 mg/kg subcutaneously administered xylazine as sedation, followed by 100 mg/kg intravenously administered pentobarbital to subsequently induce death. Three tissue samples were obtained from each of 60 hips in 30 rabbits; samples included a section of the greater trochanter and femoral head and two sections of the surrounding musculature lateral and superior to the greater trochanter. Ten hips were excluded because of technical problems involving either tissue fixation or staining. Tissue blocks were embedded in paraffin and sectioned (7 lm) after fixation with 10% neutral buffered formalin and decalcification (Cal-EX 1 Decalcifying Solution, Fisher Scientific, Pittsburgh, PA, USA). Three sequential sections of each sample were stained with hematoxylin, eosin, and Masson's trichrome dye (collagen) for specific histologic study. A total of 150 tissue samples, three from each of 50 hips, were evaluated.
Three of the authors (OT, ACS, CG) analyzed all sections under the direction of an anatomic pathologist (RJC), and the cellular progression of HO was qualitatively examined and described. Endochondral and intramembranous pathways of bone formation were defined histologically by the respective presence (endochondral) or absence (intramembranous) of chondrocytes in direct continuity with the ectopic bone. Once a reproducible time line of cellular progression was established following repeated observation of a consistent qualitative histologic pattern, a grading system was developed as a tool to assess interobserver reliability. The histologic grading scheme focused specifically on assessment of cellular progression and the maturity of HO. Five characteristics of the local tissue environment were evaluated and assigned a numerical score (aggregate absolute range, 0-10 points): (1) the presence or absence of hematoma (0-1 point), (2) the progression of muscle necrosis (1-2 points), (3) the maturation of fibrous stroma (1-2 points), (4) the appearance and maturation of chondrocytes (1-3 points), and (5) the maturation of heterotopic bone (1-2 points). To evaluate the reproducibility and interobserver reliability of the grading system, each specimen was examined microscopically three times, on three separate occasions, in random order by the three independent observers who were blinded to the identity and time frame of each sample. Interobserver agreement of the grading system was evaluated using Fleiss' weighted kappa statistics, with grading scores closer to 1.0 indicating more reliable agreement. Overall interobserver reliability was graded at 0.95 based on Fleiss' weighted kappa statistics (Table 1) . Observers most reproducibly scored the presence and maturation of chondrocytes (score of 0.93), fibrous stroma (score of 0.90), and ectopic bone (score of 0.89). Interobserver agreement was less reliable for identifying the presence of hematoma (score of 0.58) and characterizing the progression of muscle necrosis (score of 0.60).
A repeated measures analysis, conducted with PROC MIXED and SAS 9.1.3 software (SAS Institute Inc, Cary, NC), was used to compare the mean grades of HO between times considering that two hips at each time were from the same rabbit. A Bonferroni correction adjusted for multiple comparisons. The mean score was calculated for each hip at every assigned time based on grades from the three evaluators of 50 suitable hips from 30 rabbits.
Results
The local tissue environment was observed to evolve through a reproducible histologic progression and reliably followed a pathway of endochondral ossification (Fig. 1) . Fresh hemorrhages in the interstitial tissue were immediately apparent in tissue samples and disappeared within 1 week of surgery. The skeletal muscle showed signs of fiber degeneration within 72 hours of surgery; edema was present initially, followed by a variation in the diameters of the skeletal muscle fiber, acute fiber necrosis, myophagocytosis, and, in some areas, fiber regeneration. Early fibroblastic proliferation and granulation tissue with loose myxoid extracellular matrix was evident during the first week ( Fig. 2) , followed with time by more dense accumulation of collagen and organized fibrous connective tissue. Morphologically recognizable chondrocytes appeared in the fibrous stroma during the second week after surgery and reliably preceded the appearance of ectopic bone, which generally was not observed until the third week ( Fig. 3) . Immature woven bone first appeared from calcified cartilage and evolved into mature lamellar bone with histologic features characteristic of endochondral ossification (Fig. 4 ). Microvascular invasion, in the form of capillary ingrowth of hypertrophic cartilage, was present and preceded the appearance of calcified cartilage (Fig. 5 ). There were no instances in which ectopic bone was seen in the absence of chondroid elements or frank chondrocytes. Specifically, even where osseous tissue appeared to arise directly from fibrous tissue or skeletal muscle, there was always an adjacent cartilaginous intermediary consistent with endochondral ossification. In sections in which heterotopic bone was identified, chondrocytes were reliably found in juxtaposition with the ectopic osseous tissue (Fig. 3) .
Likewise, there were no differences in the histologic pattern of progression of HO whether the ectopic bone was contiguous with the femur or was an unattached island arising directly from the soft tissue. Heterotopic bone that arose directly from the femur was derived via endochondral ossification that originated from a periosteal proliferation of chondrocytes (Fig. 6A ). In the muscle or fibrous tissues, ectopic bone passed through a chondroid intermediary that showed basophilic staining and an architectural pattern that was consistent with cartilage tissue. No osseous differentiation of any type was seen in the absence of chondroid tissue that was undergoing either hypertrophic change or mineralization. Periodic radiographs, obtained at each time of animal sacrifice, showed the typical pattern of heterotopic bone formation. HO was most prevalent in the region of the abductor musculature immediately proximal to the access point in the greater trochanter and was less Fig. 1 A graphic representation of chronologic progression of tissue types as identified in serial specimens with a grading system to assess maturation of HO is shown. commonly contiguous with the cephalad surface of the greater trochanter or femoral neck (Fig. 6B ). We found changes in the histologic grading between Weeks 1 and 2, Weeks 2 and 3, and Week 1 and 6 months, reflecting most rapid histologic progression during the early periods after injury ( Table 2) .
Discussion
HO is a poorly understood process that can compromise the success of an otherwise technically well-performed THA. Management options often are limited to surgical excision for patients in whom clinically meaningful substantial heterotopic bone has already developed. Despite complete resection, the offending bone has a strong propensity to recur in the absence of adjunctive measures. Although contemporary methods of prophylaxis, including radiation therapy and NSAIDS, eliminate meaningful HO for most patients, they are not without inherent risks [2, 21, 23, 28, 33, 38, 48] . The ideal strategy remains to prevent the initial formation of heterotopic bone through better understanding of the pathophysiology by which ossification occurs in the soft tissues after injury. For this reason, we sought to characterize the cellular progression of heterotopic bone formation in an animal model that most closely mimics the human condition without the addition of exogenous bone stimulants.
We acknowledge certain limitations to our study. First, although we used a model that closely recapitulated the human condition without addition of exogenous osteogenic agents, a limitation of any animal model is the risk of introducing unanticipated variables and species-related differences. The principal differentiating characteristic known about the rabbit regarding HO is its predilection to form bone and heal fractures rapidly. We believe that this characteristic is a positive attribute contributing to a model with a high prevalence of HO, but it may introduce factors that otherwise are unknown to the investigators. Similarly, although we have no indication regarding how much heterotopic bone would be clinically meaningful and restrict ROM in the rabbit, the consistent occurrence of HO provides a reliable model in which to study this phenomenon. The radiographs in this study were obtained with a first-generation x-ray machine that was used before availability of digital radiographic imaging for small animals; as such, they are not reliable for quantitative HO assessment. However, the pattern of HO occurring in the soft tissues about the hip and adjacent to the greater trochanter is similar to that commonly observed in humans after total hip replacement. The model also shares some characteristics of intramedullary nailing, specifically entry of the medullary canal and escape of osteogenic cells into the surrounding soft tissues, but the magnitude of muscle injury and proximity to the hip capsule more closely resemble THA. Although it has been suggested that the limited popularity of this model is related to the complex nature of the surgical procedure [15] , we believe that its simplicity of experimental design and lack of an exogenous osteogenic agent provide a more direct approach to investigate the underlying native mechanism of HO in humans. Finally, the emphasis of this study was on observational characterization of histologic progression of the process of heterotopic bone formation through primary or secondary pathways of ossification; as such, we acknowledge the absence of definitive cellular identification by specific immunohistochemical staining. We found histologic progression of HO to be consistent and to occur predictably through a pathway of endochondral ossification. Much of the current knowledge regarding heterotopic bone growth [16, 20, 22, 25, 42, 47] has been gleaned from studies of nonphysiologic animal models that have induced heterotopic bone formation through the addition of exogenous agents, such as BMP-2, BMP-4, and bone matrix. Among these studies, conflicting observations have been made regarding the mechanisms of bone formation that are dependent on the particular exogenous agent that is used to induce the ectopic bone. For this reason, we believe our findings may resolve this conflict as our animal model produces heterotopic bone without the confounding addition of exogenous induction agents. Nevertheless, the observational nature of the data in this study allows only speculation regarding the mechanism of conversion of woven to lamellar bone, but we believe that typical processes of remodeling with successive osteoclastic resorption and osteoblastic formation would occur in response to the physiologic stimulus of muscle loading and weightbearing. In this model, ectopic bone, whether contiguous with the femur or free in the soft tissues, developed exclusively through endochondral ossification. We are not able to comment, however, on whether these anatomically distinct processes resulted from stimulation of the same stem cell line. It is believed that HO occurs as a result of the misguided and inappropriate differentiation of stem cells, secondary to the effects of local and systemic factors [8, 14, 26, 41] . It is believed that bone marrowderived or muscle-derived pluripotent mesenchymal progenitor cells in the local environment rapidly differentiate into osteogenic precursors after the inciting event, with the maximal response occurring within 48 hours of stimulus [26, 35, 45] . Mesenchymal stem cell populations likely also play a role in the process of HO [14] , but our work does not provide insight regarding whether damaged muscle or endogenous marrow elements are the more likely site of origin of these cells. Some investigators have suggested that damaged muscle is a more likely source of cells integral to the formation of ectopic bone [46] , and such is consistent with the recent increase in HO observed in residual limbs following war-related blast amputations [34] . Moreover, mesenchymal progenitor cells derived from traumatized muscle exhibit gene expression profiles characteristic of osteoblasts [13, 14] . This hypothesis is corroborated by the observation that local limited field radiation before THA is effective in preventing HO [31] , suggesting that the critical stem cell is present locally before the surgical insult. Once such cellular differentiation is committed (long before radiographic evidence of ectopic bone is evident), all methods of preventing HO are largely ineffective [10, 35, 43] . This is the basis for the contemporary rationale for initiation of prophylaxis for HO within 5 days of surgery on the hip [29, 30, 37] .
Our observations suggest that the cellular genesis of heterotopic bone is a byproduct of endochondral ossification, regardless of its location about the hip. Although the molecular determination of unwanted ectopic bone remains to be elucidated, future treatment options will aim to redirect this misguided osteogenic process on a more constructive clinical trajectory such as in treatment of fracture nonunions and facilitating surgical fusions.
Our findings suggest that HO, after the surgical trauma of THA in a physiologic animal model, without an exogenous induction agent, progresses via a pathway of endochondral bone formation. This observation was consistent with nearly 3 decades of clinical experience with external beam radiation, which selectively attenuates endochondral ossification over membranous bone formation in preventing HO after THA [4, 31, 32] . Similarly, our findings provided a basis for the action of NSAIDS: in the laboratory, these compounds inhibit the effect of BMPs to induce pluripotent mesenchymal stem cells to differentiate to bone via an endochondral pathway [40] .
